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Stability and leakiness: Opposing challenges to the glomerulus. The
complex architecture of the glomerular tuft is stabilized by several
mechanisms. The basic system consists of the GBM and the mesangium
maintaining the branching pattern of the capillary network. Superimposed
are the podocytes, which appear to take effect by two mechanisms. First,
podocytes contribute to the stabilization of the capillary folding pattern by
supporting the angles between neighboring capillaries. Second, podocyte
foot processes fixed to the outer aspect of the GBM probably function as
contractile patches counteracting the elastic distension of the GBM.
Simultaneously, the pattern of foot process interdigitation underlies the
elaboration of a filtration slit and is thus pivotal for the high hydraulic
permeability and the specifity of the glomerular filter. The loss of this
pattern—commonly termed "foot process effacement" or "foot process
fusion"—is frequently found in pathological situations and results in a
decrease in permeability and impairment in specifity. On the other hand,
foot process effacement is associated with prominent hypertrophy of the
contractile apparatus of podocytes, suggesting an increased ability to
generate forces counteracting capillary expansion. Thus, foot process
effacement appears as an adaptive change in podocyte phenotype giving
priority to the support function of podocytes for the prize of reducing the
specific permeability.
As a philogenetic heritage the glomerulus produces large
amounts of an ultrafiltrate. This capacity is based on two essen-
tials. First, on a purely extracellular filtration route that accounts
for the high hydraulic conductance. This creates the problem of
how to establish any selectivity of the filter, or actually, how to
keep the plasma proteins back. Second, comparably high hydrau-
lie capillary pressures to squeeze the filtrate through the capillary
wall create the necessity of a structural elaboration of the filter
and of the tuft as a whole that tolerates such pressure gradients.
The present paper first summarizes what we know about the
supporting systems of the glomerulus. Adaptive reinforcements of
the supporting systems are encountered under pathological con-
ditions, including most common podocyte foot process efface-
ment. This change in podocyte phenotype goes along with a
decrease in hydraulic conductance, emphasizing that stability and
selective permeability are mutually limiting factors. The findings
and conclusions presented in this paper are mainly derived from
structural studies in various animal models of chronic renal failure
including uninephrcctomy in young rats [1, 2], UNX-DOCA-salt
hypertension [3], Masugi nephritis [4], development of focal
segmental glomerulosclerosis in the Fawn-hooded rat (in cooper-
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ation with A.P. Provoost) and after long-term treatment of rats
with FGF-2 [5].
Stability of the glomerulus
The glomerular tuft is constantly exposed to considerable
expansile forces resulting from comparably high transmural hy-
drostatic pressure gradients in the range of 40 to 30 mm Hg. To
ensure structural stability, these outwardly directed expansile
forces must be balanced by inwardly directed forces. The locus of
action of all these forces is the glomerular basement membrane
(GBM). This is a tough collagenous mat that, by virtue of its
intrinsic resistance to distension and to bending, fulfills a skeletal
function in the glomerulus and thus represents the central struc-
ture in the concert of supporting mechanisms (Fig. 1).
We have previously described two systems that appear to be
involved in the development of stabilizing forces [6, 7]. A basic
system consists of the GBM and the mesangium (Fig. IA).
Cylinders of the GBM in fact largely define the shape of glomer-
ular capillaries. These cylinders, however, are not completely
encircling the capillary tube; like a tire towards the rim, they are
open towards the mesangium. Mechanically, they are completed
by contractile mesangial cell processes that bridge the gaps of the
GBM by interconnecting opposing mesangial angles. Moreover,
throughout the mesangium, opposing portions of the GBM are
bridged by contractile mesangial cell processes generating in-
wardly directed forces that balance the expansile forces resulting
from pressure gradients across the paramesangial GBM [6, 7].
Podocytes act as a second structure-stabilizing system superim-
posed on the mesangial-GBM system. Two mechanisms appear to
be involved. First, podocytes stabilize the folding pattern of
glomerular capillaries by fixing the turning points of the GBM
between neighboring capillaries (Fig. 1B). Podocytes are generally
attached to several capillaries via their foot and primary pro-
cesses. However, cytoskeletal elements passing from one major
process through the cell body into other major processes are not
a prominent feature. Thus, the arrangement of the cytoskeleton in
the podocyte as a whole does not suggest that a single podocyte
would be able to establish a strong mechanical linkage among the
group of capillaries to which its processes attach. On the other
hand, the narrow angles between neighboring capillaries are
frequently filled out by terminal portions of podocyte cell pro-
cesses, which appear to stabilize the reflection of the GBM when
the latter passes over from one capillary to the neighboring one.
These terminal process portions contain a densely developed
cytoskeleton of microfilaments. Therefore, by direct interconnec-
tion of the opposing parts of the GBM at such niches, they may
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effectively contribute to the maintenance of the GBM folding
pattern and thus of the capillary pattern.
Second, podocytes may contribute to structural stability of
glomerular capillaries by a mechanism comparable to that of
pericytes elsewhere in the body (Fig. 1 B, C). Podocytes are
attached to the GBM by foot processes which cover almost
Fig. 1. Schematic to summarize the supporting systems of the glomendus. A.
The basic system consists of the GBM (shown in black) and the mesan-
gium (cells are densely stippled). The GBM forms incomplete cylinders
which are completed by mesangial cell processes interconnecting opposing
parts of the GBM. This system appears to be able to develop wall tension
and to actively adapt to changes in the distending forces. B. A superim-
posed supporting system of podocytes (loosely stippled) contributes by two
mechanisms. Terminal portions of podocyte processes fill the niches
between neighboring capillaries, thereby contributing to the stabilization
of the capillary folding pattern. Second, podocyte foot processes counter-
act the elastic expansion of the GBM by the contractile tone of foot
processes which are anchored to the outer surface of the GBM. C. To
illustrate the possible supporting effects of podocytes a fictitious situation
is shown in which the loss of podocytes results in the expansion of
capillaries together with an unfolding of the capillary pattern.
entirely the outer aspect of the GBM. Podocyte foot processes
possess a well developed contractile system (actin, a-actinin,
myosin) arranged longitudinally in each foot process [8—10]. By
way of intermediate proteins (vinculin, talin) and membrane
spanning integrins (the £53131 integrin is specifically seen at this
site), this system attaches tightly to collagen IV, fibronectin and
laminin of the GBM [11, 12]. Since podocyte foot processes are
attached in various angles on the GBM, they may function as
numerous small, stabilizing patches on the GBM. To illustrate the
possible effect of such a system, imagine a simple air balloon to
the outer surface of which stripes of a less expandable material are
firmly fixed. When the balloon is blown up, the distension of just
the areas covered with the stripes will be delayed. Thus, the
mechanical relevance of podocyte foot processes might simply be
that they serve as a secondary mechanical support assuring that
the GBM never will approach its tensile strength limit [13, 14].
Because, however, the rigidity of podocyte foot processes is
rooted in a contractile system, the actual tone of this system may
be subject to regulation and may influence the strength of the total
elastic restoring forces of the capillary wall. So far, podocytes have
been shown to have receptors for several vasoactive substances
including endothelin [15], ANF [16], and nitric oxide [17] and
possibly also for angiotensin II [18].
The contractile system of podocyte foot processes could ac-
count for several possible regulatory functions. First, varying
restoring forces at the given transmural pressure difference might
result in different degrees of capillary wall expansion associated
with changes in the filtration surface area. The actual relevance of
such a mechanism is unknown. Second, the hydraulic permeability
of the GBM may depend on its elastic distension and/or compres-
sion [19—21], as might be expected from a fiber matrix model of
the GBM [21]. Again, as an adjustable system, influencing local
distension of a large part of the GBM, contractility of podocyte
foot processes might serve to stabilize and/or to vary hydraulic
permeability of the GBM; again details and relevance are un-
known. Third, foot process interdigitation underlies the elabora-
tion and maintenance of the meandering filtration slit and slit
membrane. Recent studies by Drumond and Deen [22, 23]
emphasize the crucial role of the slits and of the slit membrane in
establishing the high permeability and specifity of the filter. A
detailed discussion of this issue is beyond the scope of this paper.
The contractile apparatus of podocyte foot processes may play a
pivotal role in maintaining the constant width of filtration slits.
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Fig. 2. Podocyte cell body attaching broadly to the Outer aspect of the GBM
of a capillaiy. Foot processes are almost totally effaced. In the basal
cytoplasm of the podocyte adhering to the GBM a darkly staining
cytoskeletal belt is seen. Masugi nephritis, day 28 after planting the injury
[4 (TEM, x4000).
Failure of the supporting systems
In animal models developing focal segmental glomerulosciero-
sis (UNX-DOCA-salt hypertension, Masugi nephritis, during
glomeruloscierosis development in the Fawn-hooded rat; see
above) glomeruli precedent to the manifestation of sclerosis
exhibit a group of stereotyped structural changes that may be
subdivided into architectural detonations of glomerular tuft and
into cellular changes, among which those of podocytes are most
relevant.
Changes in tuft architecture consist in the expansion of the
Fig. 3. Foot process effacement. (A) Two glomerular capillary loops (c) are
seen which are totally covered by "fused" podocyte portions. (B) Enlarge-
ment of the rectangle designated in (A). The cytoskeletal belt in the
"fused" podocyte portions mainly consists of actin filaments that termi-
nate in the dense cytoplasm adhering to the basal cell membrane.
UNX-DOCA-salt hypertension in the rat [31 (TEM; A ><7200; B X51000.
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Fig. 4. Cytoskeletal changes in podocytes (P) associated with foot process
effacement. Within the basal cytoplasm a prominent cytoskeletal belt is
seen that, in regular intervals, contains dense bodies (arrows) that
obviously serve for the cross-linking of actin bundles. (Fawn-hooded rat at
an age of six months. E, endothelium. TEM, X34000.)
mesangial area, in capillary ballooning, capillary unfolding and
finally in the formation of microaneurysms [241. These changes
may readily be interpreted to reflect an increasing failure of the
supporting systems, starting with the failure of the mesangial
system with increasing contributions of a failure of podocytes. The
uniformity of those changes in quite different models may be
rooted in that normal glomerular capillary pressures in case of
preceding damage of the supporting structures (mesangium,
podocytes, GBM) may produce similar architectural changes, as
do elevated capillary pressures in case of unimpaired supporting
structures.
Glomerular cells respond quite differently to those decomposi-
tions in tuft architecture. Mesangial cells proliferate in areas of
destruction; this mechanism together with matrix synthesis and
deposition appear as repair processes intending to re-establish
disrupted mesangial cell-GBM connections [24]. Changes in en-
dothelial cells are generally inconspicuous. Extensive disruption
of the endothelium goes along with microaneurysm formation
[25]. Responses of podocytes are always structurally prominent
and quite specific. Since podocytes in the adult have lost the
ability to replicate [26], their only way to respond to increasing
challenges is by cell hypertrophy. Associated with the hypertro-
phic cell growth a series of stereotyped changes in cell shape are
seen which increasingly exhibit maladaptive features. The most
prominent phenotype changes of podocytes are: foot process
effacement, cell body attenuation and pseudocyst formation;
finally, podocytes detach from the GBM [24].
In the context of today's topic foot process effacement is most
interesting. Foot process effacement has long been known as a
change in podocyte phenotype common to a great variety of
experimental as well as human glomerulopathies [2, 3, 27, 281. It
consists in simplification up to a disappearance of an interdigitat-
ing foot process pattern. Finally, podocytes affix to the GBM by
their cell bodies or by outspread epithelial sheets (Fig. 2).
Concomitantly the filtration slit is shortened, reduced to the
serpentine cell borders between neighboring podocytes. Charac-
teristically, the outstretched podocyte portions contain a highly
organized cytoskeleton filling the basal cytoplasm (Figs. 2 and 3).
In TEM overviews it appears as a thick darkly staining belt
accompanying the basal cell membrane and adhering to it.
Structurally, this cytoskeletal belt consists of densely arranged
microfilaments extending into all directions, thereby establishing a
three-dimensional network [4] that is anchored to the basal cell
membrane (Fig. 3). Dense bodies are regularly distributed within
this network obviously interconnecting microfilament bundles
arriving from various directions (Fig. 4). By immunocytochemistry
it has been shown recently that this network stains strongly for
F-actin and—most prominently within the dense bodies—for
cs-actinin [4]. Thus, compared to the usual elaboration of micro-
filaments in podocyte foot processes, the contractile apparatus is
tremendously hypertrophied and reorganized in a network pat-
tern.
The pattern of podocyte foot process interdigitation has been
viewed to account for two functions [7]. First, as mentioned above,
it counteracts the elastic distension of the GBM by means of the
contractile apparatus in foot processes. Second, it establishes and
maintains the specific extracellular filtration route of the filtration
slits between the foot processes. Situations in which foot process
effacement develops are probably associated with increased me-
chanical stress to podocytes. Increased strain to podocytes may
either result from elevated glomerular pressures per se (like in
UNX-DOCA-salt hypertension or in the Fawn-hooded rat) or
may result from an increased distensibility of the GBM in case of
impairment of its substructural organization (like for instance in
Masugi nephritis) in the face of normal glomerular pressures.
Under both circumstances podocytes will be exposed to increasing
distending forces demanding increasing counteraction. Foot pro-
cess effacement may therefore be interpreted as an adaptive
change in podocyte phenotype to increase the capability to
counteract expansion of the GBM. This reinforcement of the
contractile apparatus of podocytes under mechanical challenge is
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necessarily accompanied by a decrease in slit density. Thus, foot
process effacement appears as an adaptive process giving priority
to the supporting function of podocytes for the price of reducing
the actual filtration area.
Foot process effacement is commonly associated with a de-
crease in GFR [29, 301. This fall is based on a decrease in the
ultrafiltration coefficient Kf correlating with a decrease in slit
frequency, that is, in total slit length. Moreover, in early stages of
glomerular damage after subtotal nephrectomy, a strong inverse
correlation between slit length and albuminuria has been found
indicating that slit length would be a potent predictor of glomer-
ular injury [31]. These findings are fully in line with the ideas
developed here. The maintenance of the intricate pattern of foot
process interdigitation (together with the elaboration of filtration
slits and slit membrane) appears to depend on a mechanically
stable situation, that is, on a balance of mechanical forces. In the
case of mechanical overchallenge this pattern cannot be main-
tained, resulting in a decreasing filtration capacity and loss of
specifity.
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